As a first step toward the interpretation of dynamic light scattering with evanescent illumination from suspensions of interacting spheres, in order to probe their near wall dynamics, we develop a theory for the initial slope of the intensity autocorrelation function. An expression for the first cumulant is derived that is valid for arbitrary concentrations, which generalizes a well-known expression for the short-time, wave-vector dependent collective diffusion coefficient in bulk to the case where a wall is present. Explicit expressions and numerical results for the various contributions to the initial slope are obtained within a leading order virial expansion. The dependence of the initial slope on the components of the wave vector parallel and perpendicular to the wall, as well as the dependence on the evanescent-light penetration depth are discussed. For the hydrodynamic interactions between colloids and between the wall, which are essential for a correct description of the near-interface dynamics, we include both far-field and lubrication contributions. Lubrication contributions are essential to capture the dynamics as probed in experiments with small penetration depths. Simulations have been performed to verify the theory and to estimate the extent of the concentration range where the virial expansion is valid. The computer algorithm developed for this purpose will also be of future importance for the interpretation of experiments and to develop an understanding of near-interface dynamics, at high colloid concentrations.
I. INTRODUCTION
The understanding of interactions of macromolecules with a solid/liquid interface is important for many applications of synthetic systems as well as biological processes. Interactions of colloids with a solid wall can lead to structure formation at the wall. The static interactions between colloidal particles and interfaces that underlie such near-interface structure formation are relatively well understood within the framework of established potentials, such as the DLVO potential resulting from a combination of charge and van der Waals interactions, the depletion potential resulting from polymer depletion in the region between the colloid and the interface, and steric repulsion between chemically grafted polymer coatings. Besides structural order, the dynamics of colloids is also affected by the presence of an interface. Contrary to the near-interface equilibrium structures, the dynamics is determined not only through the above mentioned static interactions, but also through hydrodynamic interactions. These interactions are mediated via the solvent and include interactions of the colloids with the interface and colloid-colloid interactions. As yet, little is known about near-interface dynamics of concentrated suspensions.
The dynamics of submicron sized colloids can be probed by evanescent wave dynamic light scattering ͑EWDLS͒, where the intensity autocorrelation function of light that is scattered from an evanescent wave is measured. The penetration depth of the evanescent wave can be tuned by the angle of the incident laser beam with respect to the interface. For small penetration depths, the dynamics of colloids very close to the wall is probed, whereas for larger penetration depths also particles which are further away from the wall contribute to the measured intensity correlation function. Contrary to bulk dynamic light scattering, a theory that is necessary for the interpretation of EWDLS-correlation functions is not yet existing. In a very early attempt, 1 the EWDLScorrelation function for very dilute dispersions has been calculated with the neglect of hydrodynamic interactions with the wall. Since, however, hydrodynamic interactions are essential, this theory has limited value for the interpretation of experimental data. As a first step toward the interpretation of EWDLScorrelations functions, the initial slope of the correlation function for very dilute dispersions of spherical colloids has been expressed in terms of single-particle hydrodynamic friction functions. 2, 3 Numerical values for the initial slope can be obtained, using the semianalytic predictions for the hydrodynamic functions in the presence of a wall that have been derived in the 1960s by Brenner 4 and Goldman et al., 5 and which have been verified experimentally. 3, [6] [7] [8] [9] [10] The theoretically predicted dependence of the initial slope on the penetration depth and the components of the scattering wave vector parallel and perpendicular to the wall are in accor-dance with experiments. 3 These experiments have become possible only recently, by means of EWDLS-equipment that allows to vary the components of the scattering wave vector parallel and perpendicular to the wall independently. 2 The capability to vary the parallel and perpendicular components of the scattering wave vector independently is a necessary requirement for the study of the anisotropic diffusion of colloids near a wall. To our knowledge, the only experimental study on diffusion of colloidal spheres at high concentration is Ref. 11 . In this paper, EWDLS data for poly-͑methylmethacrylate͒ ͑PMMA͒ particles close to a wall are discussed for a wide range of volume fractions. Part of the interpretation of the data relies on the assumption that the expression for the initial slope of the EWDLS-correlation function has the same form as for very dilute systems, 2, 3 where the parallel and perpendicular "diffusion coefficients" are now concentration dependent. For particle volume fractions above Ն 0.35, the observed near wall-diffusion coefficients superimpose with the corresponding bulk diffusion coefficients of the particles. That is, at high concentrations, the hydrodynamic effect of the wall is small. This indicates that hydrodynamic interactions with the wall are partly screened.
It is the purpose of this paper to develop a theory for the initial slope of the EWDLS-correlation function for suspensions of interacting spheres. An exact expression is derived for the initial slope. Numerical results are obtained to leading order in concentration. The calculation of hydrodynamic mobilities, including lubrication contributions, is based on the HYDROMULTIPOLE code implemented according to Ref. 12 . The multidimensional integrals in the above procedure have been performed numerically. Additional computer simulations are performed that show that the virial expansion for the initial slope of the EWDLS-correlation function is valid up to quite high concentrations. This paper is organized as follows. After an introduction, a general expression for the initial slope of the EWDLScorrelation function for interacting spheres is derived in Sec. II. This generalizes the well-known and much studied expression for the short-time collective diffusion coefficient in bulk to the case where a wall is present. In Sec. III, the various contributions to the initial slope are expressed in terms of ensemble averages, which are tractable for numerical evaluation. The virial expansions of the various contributions are discussed in Sec. IV. The details of the computer simulations for arbitrary concentrations are given in Sec. V and numerical results are discussed in Sec. VI. Section VII contains a summary, concluding remarks, and suggestions for further work.
II. SHORT-TIME EVANESCENT WAVE DYNAMICS
In this section, we derive an expression for the shorttime decay of light scattering correlation functions as measured by the evanescent-wave scattering from suspensions of monodisperse spherical colloids. This expression is a generalization of a well-known result for bulk light scattering to evanescent wave illumination. For infinite penetration depths, the results for evanescent wave scattering of course reduce to the well-known expressions for scattering from bulk samples. In case of the standard dynamic light scattering from bulk samples, the initial decay of the electric field autocorrelation function ĝ 1 is exponential in time,
where E s is the instantaneous scattered electric field strength and ⌫ 1 is the first cumulant, which is equal to
where q is the scattering vector, D 0 is the diffusion coefficient of a freely diffusing sphere, H͑q͒ is the "hydrodynamic function," and S͑q͒ is the static structure factor. As far as we know, this result has been derived for the first time by Akcasu and Gurol in Ref. 13 . The hydrodynamic function is related to hydrodynamic interaction mobilities ij as
where N is the total number of particles in the volume that is probed in a light scattering experiment, q is the unit vector in the direction of q, the brackets ͗¯͘ refer to ensemble averaging, and r k is the position of the center of sphere k. The hydrodynamic mobility connects the velocities of spheres to the hydrodynamic forces acting on them,
where U i is the velocity of particle i due to the force F j applied to particle j. Here, 0 =1/ 6 0 a is the mobility of a noninteracting sphere, which is connected to the Einstein diffusion coefficient D 0 as k B T 0 ͑where 0 is the solvent viscosity, a is the radius of the sphere, k B is Boltzmann's constant, and T the temperature͒. Furthermore, the static structure factor is defined as
which can in principle be obtained independently from static light scattering experiments.
There are a number of theories devoted to the prediction of the concentration and wave-vector dependence of H͑q͒. These theories have been verified by experiments on various colloidal systems with different pair-interaction potentials. [14] [15] [16] [17] There are two fundamental differences between standard dynamic light scattering and evanescent-wave scattering. First of all, the illumination intensity varies on a length scale comparable to the size of the colloidal particles. When the wall is located at z = 0, the incident intensity varies like ϳexp͕−z͖, where −1 is the intensity-penetration depth. The instantaneous scattered electric field strength E s is now given by
where it is assumed that the particles are dielectrically isotropic. Second, the hydrodynamic mobilities ij are affected by the presence of the wall. Two particles near a wall interact hydrodynamically in a different way as when the particles are far away from the wall since shear waves generated by one of the particles are affected by the wall before reaching the other particle. Hereafter, we shall denote the hydrodynamic mobility in the presence of a wall by ij w , where the superscript w stands for "wall."
The scattered electric field is a Gaussian variable with zero mean, so that Wick's theorem can be applied to express the intensity autocorrelation function in terms of ensemble averages of bilinear products of the scattered electric field strength. Furthermore, the average ͗E s ͑t͒E s ͑t =0͒͘ is equal to 0, provided that there is translational invariance along the directions parallel to the wall. This implies that the Siegert relation also holds in the case of evanescent-wave scattering,
where i s is the instantaneous intensity that is scattered by the colloidal spheres and I = ͗i s ͘ is the average intensity. Just like for standard dynamic light scattering on bulk samples, it is thus sufficient to consider the field autocorrelation function. According to Eq. ͑6͒, this correlation function is given by
͑8͒
The short-time behavior of this correlation function can be calculated, starting from the general expression for the equilibrium time-correlation function of two phase-functions f and g,
where R = ͕r 1 , r 2 ,¯r N ͖ is the 3N-dimensional position in phase space, P eq w ϳ exp͕−␤⌽͖ is the Boltzmann probability density function of R, and ⌽ is the total interaction potential of the N interacting spheres, including the interactions with the wall. Furthermore, L is the Smoluchowski operator that describes the temporal evolution of the conditional probability density function P͑R , t ͉ R 0 ͒ of the position R of the colloidal sphere at time t, given that its position is R 0 at time t =0,
The Smoluchowski operator is given by ͑with h an arbitrary phase function͒,
Note that the hydrodynamic mobilities ij w as well as the total potential energy ⌽ include both interactions between the colloidal spheres and the wall. Like for the bulk mobilities, the mobilities in the presence of a wall satisfy the Lorentz symmetry relation 18, 19 
where T stands for "transpose." Comparing the general expression ͑8͒ with our specific function shows that
A short-time expansion can now be obtained by approximating the exponential operator to leading order in time,
where Î is the identity operator. Substitution of Eqs. ͑13͒ and ͑14͒ into Eq. ͑9͒ leads to the short-time expansion of g 1 . This expression is most conveniently evaluated by noting that
͑15͒
where a partial integration has been performed, and it is used that P eq w ϳ exp͕−␤⌽͖. The square brackets ͓¯͔ are used to indicate that the action of the ٌ-operators is limited to the functions within these brackets. Using this expression together with our specific functions in Eq. ͑13͒, readily leads to the following expression for the first cumulant:
where ê z = ͑0,0,1͒ is the unit vector normal to the wall pointing into the suspension,
is the hydrodynamic function, and
is the wall-structure factor. In Eqs. ͑17͒ and ͑18͒, nA / is the number of particles within the probed scattering volume, with n the bulk particle number density and A the illuminated area. The brackets ͗¯͘ in Eqs. ͑17͒ and ͑18͒ denote the average with respect to P eq w . The above result ͓Eqs. ͑16͒-͑18͔͒ is a generalization of the bulk expressions ͑2͒, ͑3͒, and ͑5͒ for the short-time behavior of g 1 . For very large penetration depths ͑ → 0͒, they reduce to these well-known bulk expressions, as they should.
Note that ⌫ 1 is the initial decay rate of the field autocorrelation function g 1 . According to the Siegert relation ͑7͒, the decay rate of the measured intensity autocorrelation function is twice as large.
For very dilute suspensions of spheres, we have
where ␦ nm is the Kronecker delta, ʈ w and Ќ w are the scalar mobilities for motion parallel and perpendicular to the wall, respectively, and ê x and ê y are two orthogonal unit vectors parallel to the wall. Furthermore, in case of hard-core interactions between the colloidal sphere and the wall, we have ⌽ =+ϱ for z Ͻ a ͑with a the radius of a colloidal sphere͒, and ⌽ = 0 for z Ͼ a. The first cumulant in Eq. ͑16͒ is then easily shown to reduce to
where q Ќ and q ʈ are the components of the scattering wave vector q perpendicular and parallel to the wall, respectively, and where
This reproduces the expression that was derived in Ref.
3. An essential difference between dilute and interacting systems is that there are contributions to ⌫ 1 which do not vary with ϳq Ќ,ʈ 2 . Due to invariant properties of the system, it immediately follows from Eq. ͑16͒ that the first cumulant can be written as
with
and where we decomposed q into horizontal and vertical parts,
It follows from the symmetry relation in Eq. ͑12͒ that H Ќ,ʈ = H ʈ,Ќ Ã , so that Eq. ͑22͒ can also be written as
where for brevity we defined
where J and R stand for "imaginary" and "real part of," respectively. In our previous notation for dilute systems, we denoted D 0 H Ќ and D 0 H ʈ as ͗D Ќ ͘ and ͗D ʈ ͘ respectively ͓see Eqs. ͑16͒, ͑20͒, and ͑21͔͒. Note that H I,R are both equal to 0 for very dilute systems. As will be seen later, for concentrated systems, both H R and H I vanish when q Ќ is fixed and q ʈ → 0, but in case q ʈ is fixed and q Ќ → 0 only the component H R vanishes. The "off-diagonal contributions" H I,R are generally significant and cannot be neglected against the "diagonal contributions" H Ќ and H ʈ . The off-diagonal contributions also become zero for very large q. The diagonal contributions can be related to self-diffusive properties for such large wave vectors, as will be seen later.
III. THE WALL-STRUCTURE FACTOR AND HYDRODYNAMIC TENSOR
In this section, we introduce the basic functions and operators that are used to express the wall-hydrodynamic tensor ͑17͒ and the wall-structure factor ͑18͒ in a form that is tractable for explicit, numerical evaluation. Furthermore, we will define response operators appropriate for the present problem, and generalize the notion of self-diffusion to the situation where a wall is present.
In order to proceed, we first introduce the s-particle distribution functions g͑r 1 , ... ,r s ͒, which are given by
and P eq w is, as before, the equilibrium distribution function for the system of N particles in the presence of a wall. Here, lim ϱ denotes the thermodynamic limit, which is also understood to be taken in the definitions ͑17͒ and ͑18͒ for the hydrodynamic function and wall-structure factor, respectively. In order to carry out the thermodynamic limit, lim ϱ , we select the cuboidal shape of the system with volume V = L x L y L z and go with L x , L y , and L z uniformly to infinity keeping the bulk density n constant. From below, the system is bounded by a hard wall at z = 0, with a surface area A = L x L y . Considering the symmetry of the system, the one particle distribution function depends only on the distance from the wall, i.e., g͑r͒ = g͑z͒. Due to the same symmetry, for the two particle distribution function we have
where the symbol denotes the length of the vector , which is defined as
Employing the one and two particle distribution functions, the wall-structure factor ͑18͒ can be written as
where h͑z,zЈ,͒ = g͑z,zЈ,͒ − g͑z͒g͑zЈ͒. ͑31͒
In addition, the integration over the angle , defined by the relation q ʈ · = cos , has been carried out. The Bessel function J 0 in Eq. ͑30͒ enters due to the relation
In the limit of large penetrations depths, where = 0, Eq. ͑30͒ for the wall-structure factor reduces to
where h is then total bulk correlation function. This corresponds to the expression for the structure factor in Eq. ͑5͒
The tensor H w ͑ , q Ќ , q ʈ ͒ is similarly given in terms of one and two-particle-integrals as
where the kernel operators A and B are defined as
͑36͒
Due to the invariant properties, the tensors A and B have the following representations:
and
where
Since the tensor B obeys the Lorentz symmetry ͓see Eq. ͑12͔͒,
its elements have the following properties:
We can thus write the hydrodynamic factors ͑26͒ as
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͑45͒
To arrive at the above expressions, the following recurrence relation has been used for the Bessel function J n :
One can show that in the limit → 0 the first cumulant ͑25͒ with the H-components ͑42͒-͑45͒ reduces to the cumulant in Eq. ͑2͒ for bulk samples as should be expected.
It follows from the Eqs. ͑44͒ and ͑45͒ that for fixed q Ќ and q ʈ → 0, both H R and H I vanish. However, if q ʈ is fixed and q Ќ → 0, only the component H R vanishes. These results can also be shown on the basis of the invariant properties of the system.
Just like for the bulk hydrodynamic function in Eq. ͑3͒, the corresponding wall-hydrodynamic function can be written as a sum of a self and distinct part. The self part is the q-independent contribution containing the operator A, and the q-dependent distinct part involves the operator B. The self part is the only remaining contribution for large wave vectors. Contrary to the static structure factor ͑5͒ in bulk, there is a nontrivial self part to the wall-structure factor S w ͑ , q͒, which is equal to
In bulk, the self part of the structure factor is simply equal to unity. In analogy with bulk response functions Ref. 21 , we define response functions that relate forces with currents in the presence of a wall. These response functions can be expressed in terms of the above defined operators A and B. Namely, consider a force field F͑r͒, where F͑r i ͒ is the force acting on a particle located at r i . Following the reasoning in Ref. 21, the resulting mean particle current ͗j͑r͒͘ can be written as
͑48͒
where the response function Y, for the case of a suspension in the presence of a wall, is given by Y͑r,rЈ͒ = n 0 ␦͑r − rЈ͒A͑z͒ + n 2 0 B͑z,zЈ,͒. ͑49͒
In addition, the operator A is related to the self-diffusion matrix D s ͑z͒. The latter is defined by the initial slope of the mean square displacement of a particle, say particle 1, located at a height z at t =0,
where the indices ␣ , ␤ =1,2,3 describe Cartesian components, and ⌬x 1␣ ͑t͒ is the displacement of particle 1 in the direction ␣ during the time t. 
In the limit q ʈ → +ϱ or q Ќ → +ϱ, only the self parts of H w and S w survive. Thus, for sufficiently large q ʈ or q Ќ , the first cumulant may be approximated by
͑53͒
Note that for a dilute system, where interactions between the colloids can be neglected, this reduces to the formula ͑21͒. Like for bulk systems, there is no distinction between selfdiffusion and collective diffusion at infinite dilution.
IV. VIRIAL EXPANSION
For moderately concentrated systems, we can perform calculations of the wall-structure factor S w and components of the wall-hydrodynamic tensor H w by expanding them in terms of powers of particle number density ͑concentration͒ n far from the wall. To this end, we expand the distribution functions in Eq. ͑27͒ as
By substituting Eq. ͑55͒ with s = 1 and 2 into Eq. ͑30͒ one easily obtains the form of the virial expansion for the factor S w ,
where the two first terms are given by
For a similar expansion of the hydrodynamic tensor, we must first introduce the cluster decomposition of the mobility tensors Ref. 
͑61͒
The cluster components m ͑i͒ describe hydrodynamic interactions within the corresponding cluster of i particles. With the above, the kernels A͑z͒ and B͑z , zЈ , ͒ are thus given by the series expansion In order to obtain numerical results for the first two terms in the virial expansions of S w and H w , explicit expressions for the distribution functions to zeroth and first order ͓see Eq. ͑27͔͒, and the appropriate hydrodynamic one and two particle cluster components ͓see Eqs. ͑60͒ and ͑61͔͒ must be found.
From this point on, we will consider hard-core interactions both for the colloid-colloid and the colloid-wall interactions. These are interactions where the potential is zero when there is no overlap of the colloid and wall materials, and the potential is infinite on overlap. We also assume that the colloidal spheres are perfect spheres and that the wall is smooth so that hydrodynamic interactions on very close colloid-colloid and colloid-wall approach can be described by lubrication forces.
The small dimensionless parameter in a density expansion is the bulk volume fraction
instead of the concentration n. With Mayer-graph techniques, where the wall is treated as a very large particle, explicit expressions for the zeroth-and first-order distribution functions are obtained. 23 To zeroth order it is found that
where W͑1,2͒ is the characteristic function for nonoverlap configurations of two spheres, that is, W͑1,2͒ = 1 when the distance of the sphere centers r 12 is larger than d =2a, and 0 otherwise ͑with d the diameter and a the radius of the spheres͒. We should recall here that the location of the wall has been chosen as z = 0 reference level. In the next order, it is found that
The above expressions ͑71͒-͑73͒ suffice to calculate the two first terms in the virial expansion ͑56͒ for the wallstructure factor which for hard sphere system can be written as 
͑76͒
The distinct part in Eq. ͑58͒ must be evaluated numerically. The virial expansion of the wall-hydrodynamic tensor for hard spheres has a similar form,
However, in this case, in order to get the terms H ͑1͒ and H
͑2͒
we need, in addition to Eqs. ͑71͒-͑73͒, the one and two particle cluster components of the mobility matrix. In the code, the multipole part, which takes care of the longdistance hydrodynamic interactions between spheres, is combined with the lubrication corrections accounting for the short-range behavior. The corrections are constructed according to the idea of Durlofsky et al. 26 with the improvements introduced in Ref. 22 .
Using the HYDROMULTIPOLE code, we generated the one and two particle mobility tensors which appear in the integrands defining the first two virial coefficients for the wallhydrodynamic tensor. Then the one-dimensional integrals over z in these coefficients were evaluated using the Gauss quadrature method. The three-dimensional integrals over z, zЈ, and appearing in the definition of the second virial coefficients were evaluated by means of averaging the integrand over a large sequence ͑typically 8 ϫ 10 6 ͒ of random triplets z, zЈ, and , where z and zЈ were sampled from the distribution ͑ / 2͒e −z/2 and was distributed uniformly on the interval of length 30d. The remaining part of integral over , i.e., from 30d to ϱ, was carried out analytically using the known asymptotic form of the mobility tensors, which decay as inverse powers of the lateral distance . It is worthwhile to mention that the averaging procedure is specific for given intensity-penetration depth, so it had to be repeated for each .
V. DETAILS OF NUMERICAL SIMULATIONS
The initial slope of the EWDLS-correlation functions for arbitrary concentrations is also evaluated by means of Monte Carlo ͑MC͒ simulations of an equilibrium ensemble of hydrodynamically coupled spheres in a wall bounded domain. To model an infinite suspension in a half-space bounded by a single wall, our calculations were performed for a system confined by two parallel walls, and periodic conditions were applied in the lateral directions ͑i.e., the directions parallel to the confining surfaces͒.
To reduce calculation costs, sample simulations were first performed for channels with different widths. Using these sample calculations, we determined the minimal wall separation for which converged results can be obtained ͑as discussed below͒.
Our numerical procedure for the evaluation of the cumulant ⌫ 1 involves the following three main steps: ͑i͒ preparation of an equilibrium ensemble of configurations corresponding to a given bulk particle density n, ͑ii͒ evaluation of the structure factor ͑18͒, and ͑iii͒ evaluation of the hydrodynamic tensor ͑17͒. These three steps are separately discussed below.
A. Preparation of the equilibrium ensemble
To obtain the equilibrium particle configuration for a given particle number N and a specific geometry of the periodic simulation cell, we start from a system with a random particle configuration at a low volume fraction. Then we perform a sequence of MC Brownian dynamics equilibration processes, followed by rescaling of the particles to increase the volume fraction without creating particle overlaps. By repeating these steps, we obtain a system with a gradually increasing density. When the desired density is achieved, a set of independent equilibrium configurations is obtained via an additional Brownian-dynamics process.
Due to formation of a short-ranged layering microstructure in the near-wall regions, the average volume fraction in a two-wall system may significantly differ from the bulk value. Thus, proper adjustment of the average density is required to obtain a matching near-wall particle distribution in systems with different channel widths. To this end, we first construct the equilibrium ensemble for a system with a large wall separation h = h 0 and the required density n in the middle region of the channel. Then we determine the excess particle number per unit wall area n e , using the formula
where N is the number of particles in the periodic cell, A is the wall area, and h = h 0 is the wall separation in the reference system. Having determined the excess surface density of particles in the near-wall regions for a given bulk concentration n, the particle number N = N͑h͒ for channels with different width h is obtained from expression ͑78͒, with the known values of n and n e . Application of this procedure significantly accelerates the convergence of the results to the single-wall limit h → ϱ.
B. Evaluation of the equilibrium structure factor
For sufficiently large values of the evanescent-wave penetration depth −1 and wave vector q, evaluation of the equilibrium structure factor ͑18͒ in the wall presence is straightforward. However, to obtain a good numerical convergence ͑especially at low volume fractions͒, averaging over a large number of configurations is necessary because of cancella-tion of negative and positive contributions. In our simulations, we have used 4 ϫ 10 4 configurations for = 0.10 and 10 4 configurations for = 0.25.
C. Evaluation of the hydrodynamic tensor
The hydrodynamic tensor H w is determined using the periodic version 27 of the Cartesian-representation algorithm [28] [29] [30] for the evaluation of the motion of spherical particles in Stokes flow in a parallel-wall channel. Our method combines spherical and Cartesian representations of Stokes flow in the system. The Cartesian representation is used to describe the interaction of the flow with planar walls, and the spherical representation for the flow interaction with the particles. The combined expansion in two sets of basic fields takes into consideration the spherical particle shape and the planar shape of the interface.
To describe interactions between particles with the lateral distance larger than several wall separations h, we also use simplifications associated with the quasi-twodimensional Hele-Shaw character of the far-field flow scattered from the particles. 30, 31 The periodic boundary conditions are implemented by using periodic expressions for the Hele-Shaw far-field flow. 27 The numerical results presented in this paper were obtained for the channel width h =13d. By performing simulations at different channel widths, we have verified that this wall separation is sufficiently large to yield results with the accuracy within the statistical uncertainty. We find that the convergence of the results is exponential in h because the hydrodynamic field resulting from periodic forcing decays on the length scale l ϳ q ʈ −1 away from the wall, and there is an exponential damping factor in Eq. ͑17͒.
The hydrodynamic tensor was determined as an average over M independent MC trials. To obtain statistical accuracy of the order of 2%, we have used M in the range from M = 30 for large systems with N Ϸ 10 3 particles to M = 400 for N Ϸ 200 particles.
VI. RESULTS AND DISCUSSION
Numerical results for the two leading order contributions S ͑1͒ and S ͑2͒ to the virial expansion ͑74͒ for the wall-structure factor are shown in Fig. 1. In Figs. 1͑a͒ and 1͑b͒ , the wallstructure factor contributions are given as functions of q Ќ for fixed q ʈ d = 1.64, and q ʈ for fixed q Ќ d = 2.94, respectively, both for a penetration depth with d = 0.96. These values are typical for experiments that are presently performed. Clearly, the leading-order contribution S ͑1͒ is independent of the wave vector. Notice, however, that its constant value is not unity, as for the bulk structure factor. This value depends on the penetration depth as is clear from Eqs. ͑57͒ and ͑72͒. The oscillatory behavior in Fig. 1͑a͒ is due to layer-structure formation perpendicular to the wall. The oscillatory behavior in Fig. 1͑b͒ has the same origin as for the bulk structure factor and is due to ordering that exists around a colloidal sphere as a result of excluded volume interactions. The dotted horizontal lines in Fig. 1 mark the asymptotic value of S ͑2͒ for large wave vectors, which, contrary to the bulk structure factor, is different from unity. Again, this value depends on the penetration depth. There is thus a nontrivial dependence of the initial slope of EWDLS-correlation functions on the penetration depth through the wall-structure factor.
Using the virial expansions of the hydrodynamic tensors A and B together with the virial expansion of the distribution function, as discussed in Sec. IV, leads to the virial expansion ͑77͒ of the hydrodynamic tensor H w , which in turn leads to the virial expansions of its components Figs. 2͑a͒ and 2͑b͒ , as a function of q Ќ and q ʈ , respectively, for the same fixed values of q ʈ and q Ќ as for the wall-structure factor. Like for the bulk hydrodynamic function, the wall-hydrodynamic functions exhibit an oscillatory behavior as a function of the wave vector, where the peak positions are at about the same wave vectors where the wall-structure factor has its peaks, both for the parallel and the perpendicular wave-vector contributions. The off-diagonal contribution H I is seen to be relatively 
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small. The contribution H R , however, is of a similar magnitude as the diagonal contributions H Ќ and H ʈ and will be essential when comparing with experimental results. Using the virial expansion coefficients ͑67͒ and ͑68͒, the vertical-and parallel-self-diffusion coefficients can be written as
Numerical results for the virial expansion coefficients as a function of the inverse penetration depth are given in Fig. 3 . For infinite penetration depths ͑where d =0͒, the leading coefficients tend to unity, as they should, since for large penetration depths bulk diffusion is probed. The coefficients G Ќ,ʈ ͑2͒ must become equal to the coefficient ␣ = −1.831 in the well-known virial expansion for the short-time bulk selfdiffusion coefficient D s , 32, 33 
The lower data point • at d = 0 corresponds to this limiting value for ␣. The data for both coefficients G Ќ,ʈ ͑2͒ indeed seem to converge to this bulk value. At infinite dilution, the selfdiffusion coefficient in the presence of a wall diminishes for smaller penetration depths due to the hydrodynamic effect of the wall. More interestingly, the concentration dependence of the self-diffusion coefficients weakens for smaller penetration depths.
As follows from lubrication theory for a single particle, the component D Ќ , vertical to hard wall, vanishes when z → a as ͑see Ref. 12͒,
where ⑀ = z / a − 1. 
Similar behavior, but with a different coefficient in front of −1 , is expected for two and more body contributions to the vertical component for self-diffusion near a wall. The asymptotic behavior ϳ2 / ͑d͒ of the single-particle perpendicular self-diffusion coefficient is given by the dotted line in Fig. 3 . The convergence to the asymptotic values 2 / ͑d͒ is very slow, due to the logarithmic corrections to Eq. ͑83͒. The interaction contribution to the perpendicular self-diffusion coefficient varies likewise but with an as yet unknown coefficient. The lubrication contributions to the parallel components of the self-diffusion coefficients have a much more complicated form as compared to the perpendicular parts in Eq. ͑82͒. Hence the asymptotic formula for large is not so simple as in Eq. ͑83͒.
The initial slope ⌫ 1 of the EWDLS-correlation function is plotted in Figs. 4 and 5 as a function of q ʈ and q Ќ , respectively, for the two volume fractions 0.10 and 0.25. The data points are from the simulations, and the solid lines refer to the virial expansion ͑the middle curves are for = 0.10 and the lower curves for 0.25͒. The dashed line is the initial slope at infinite dilution, which can be calculated also from Bren- ner's hydrodynamic friction functions. 4 The figures on the right are blowups for small wave vectors in order to emphasize the oscillatory behavior. The dotted lines are the curves extrapolated from very high q's, that is, the corresponding self contributions. The leading order virial expansion is surprisingly accurate up to quite high concentrations. It should be noted, however, that the oscillatory behavior at smaller wave vectors, shown in Figs. 4͑b͒ and 5͑b͒, is not captured by the virial expansion. These are effects from higher order interactions. The differences will be larger when the overall wave vector is smaller. In the plots in Figs. 4 and 5, the respective wave vector components q Ќ d = 2.94 and q ʈ d = 1.64 are fixed. For smaller values of these fixed values for the wave vectors, the oscillatory behavior will be more pronounced and the deviation from the virial expansion is more severe. The situation is similar to the bulk initial slope, where the agreement of the self-diffusive part at higher concentrations with a leading order virial expansion is better as compared to the collective q-dependent part. The experiments in Ref. 11 reveal that the effect of the wall diminishes at very high concentration. The interpretation of this result could be that particles very close to the wall screen the wallhydrodynamic interactions of particles further away from the wall. On the other hand, however, the wall-structure factor will be quite pronounced for these high concentrations, so that the diminished effect on the initial slope hints to an equally pronounced hydrodynamic function. The behavior of the evanescent wave intensity autocorrelation function at high concentrations, beyond the validity of the virial expansion, is still unexplored.
VII. SUMMARY AND CONCLUDING REMARKS
The interpretation of dynamic light scattering data for evanescent wave scattering is quite more complicated as compared to bulk scattering. The reason for this is that structure develops near the wall and that hydrodynamic interactions mediated through the wall are important. As a first step toward the understanding of evanescent wave scattering from suspensions of interacting particles, we considered the initial slope of the electric-field autocorrelation function, which is connected to the initial slope of the measured intensity autocorrelation function by the Siegert relation. An expression for the wall analog of the short-time, q-dependent collective diffusion coefficient is derived. This formal expression is valid for arbitrary concentrations of spherical colloids. The formal expression is written in an integral form that is tractable for numerical evaluation, and explicit expressions for the various contributions to the initial slope are derived within a leading order virial expansion in concentration. In addition, a computer code has been developed with which the initial slope can be calculated for arbitrary concentration. Although numerical results given in this study are for hardcore interactions, the entire formalism is easily extended to include other types of interactions, both between the colloidal particles and between the colloids and the wall.
The main difference between the initial decay of the correlation function for very dilute systems and systems where interparticle interactions play a role is the presence of the off-diagonal contributions, which are not simply proportional to q Ќ 2 and q ʈ 2 . Even within a leading order virial expansion, these off-diagonal contributions can be as important as the diagonal contributions due to intercolloidal interactions. An additional feature of interactions is that structure builds up near the wall which affects near-wall dynamics. The corresponding wall-structure factor does not asymptote to unity for large wave vectors like the bulk structure factor, which is an important feature for a quantitative interpretation of correlation functions. The wall-structure factor and the hydrodynamic function are oscillating functions of the wave vector, similar to bulk systems. The wall-diffusion coefficient can be separated into the self and distinct contributions. The first virial coefficient for the self parts decreases monotonically with decreasing penetration depth, and thus a weaker concentration dependence is predicted as compared to the short-time bulk self-diffusion coefficient. Especially for relatively large wave vectors, there is a good agreement between predictions for the initial slope based on the leading virial expansion and simulations that are valid for arbitrary concentrations. The agreement is semiquantitative at least up to a volume fraction of 0.25. The concentration-range where the virial expansion is a good approximation, however, becomes smaller for smaller wave vectors, similar to bulk systems.
Our preliminary experiments indicate that there is a good agreement with the virial expansion up to volume fractions of 0.25 within the q-range considered in Sec. VI ͑see Figs. 1,  2, 4 , and 5͒. We are currently conducting more extensive experiments and simulations on both hard-sphere systems and charged colloids, also at much higher volume fractions and in a more extended q-range. A detailed comparison will be published separately.
